Thin planar polymer films are model systems in a number of fields, including nano-and biotechnology. In contrast to reciprocal space techniques such as reflectivity or diffraction, secondary ion mass spectrometry ͑SIMS͒ can provide depth profiles of tracer labeled polymers in real space directly with sufficient depth resolution to characterize many important aspects in these systems. Yet, continued improvements in characterization methods are highly desirable in order to optimize the trade-offs between depth resolution, mass resolution, detection sensitivity, data acquisition time, and artifacts. In this context, the utility of a magnetic sector SIMS instrument for amorphous polymer film analysis was evaluated using model polymer bilayer systems of polystyrene ͑PS͒ with poly͑methyl methacrylate͒ ͑PMMA͒, PS with poly͑2-vinylpyridine͒, and poly͑cyclohexyl methacrylate͒ ͑PCHMA͒ with PMMA. Deuterium-labeled polystyrene embedded in PS or PCHMA at concentrations ranging from 5% to 20% ͑v / v͒ was used as tracer polymer. Analysis conditions for a magnetic sector SIMS instrument ͑CAMECA IMS-6f͒ were varied to achieve a depth resolution of ϳ10 nm, high signal/noise ratios, and high sensitivity, while minimizing matrix effects and sample charging. Use of Cs + and O 2 + primary ions with detection of negative and positive secondary ions, respectively, has been explored. Primary beam impact energy and primary ion species have been shown to affect matrix secondary ion yields. Sputtering rates have been determined for PS and PMMA using both primary ion species and referenced to values for intrinsic ͑100͒ silicon ͑Si͒ under identical analysis conditions.
I. INTRODUCTION
Thin polymer films and multilayers are model systems for the investigation of phenomena related to physical confinement of polymer chains near surfaces and interfaces, 1-3 such as reaction mechanisms of functional polymers, 4,5 block copolymer segregation, 6, 7 and block copolymer ordering. 8 These systems are ideally characterized using experimental techniques such as neutron or x-ray scattering reflectometry ͑NR or XR͒, 9 scanning probe microscopy ͑SPM͒, 10 scanning transmission x-ray microscopy ͑STXM͒, [11] [12] [13] forward recoil spectrometry ͑FRES͒, 14 and secondary ion mass spectrometry ͑SIMS͒, 15 with the details depending on whether depth or lateral characteristics need to be probed. As the applications of these systems continually increase in a number of fields that include nano-and biotechnology, improvements in characterization methods and spatial resolution ͑depth and lateral͒ are essential, as the size scale of interest has become exceedingly small. 3 Direct depth profiling techniques such as FRES and SIMS have undergone significant advances in the recent years. 14, 16 The relatively low depth resolution of ϳ80 nm ͑Ref. 17͒ of conventional FRES ͑Ϸ3. 14 Reciprocal space techniques such as NR and XR can have excellent depth resolution on the order of ϳ1 nm. In XR, the contrast depends on the relative electron density of the layers to be probed. In neutron scattering and NR depth profiling, deuterium ͑ 2 H͒ has a much higher scattering length density than protium ͑ 1 H͒ and is therefore frequently used as contrast agent for carbonaceous matter. 21 Although NR has superior depth resolution to FRES and SIMS, the inversion of the reciprocal space information obtained with NR to the composition profiles in real-space can be model dependent, requiring some a priori knowledge of the real-space a͒ Author to whom correspondence should be addressed; electronic mail: harald_ade@ncsu.edu profile. 15, 22 This often necessitates a direct depth profiling technique such as FRES or SIMS to be used in conjunction with NR. 18 Figure 1 shows a comparison of typical depth resolutions encountered using NR ͑1 nm͒, FRES ͑80 nm͒, LE-or TOF-FRES ͑30 nm͒, and SIMS ͑10 nm͒. 18 Because of its sensitivity, excellent depth resolution ͑ϳ10 nm͒, and ability to provide real-space depth profiles directly, SIMS has become a prominent method for the analysis of polymer thin films and multilayers. [4] [5] [6] 23 There are three types of SIMS instruments distinguished by the mass analyzer ͑i.e., quadrupole, TOF, and magnetic sector͒ that can be utilized. 24, 25 The quadrupole instrument has been extensively used in all areas of surface and interface science, including semiconductor 26 and polymer film 15 depth profiling. For depth profiling of deuteriumlabeled polymers, quadrupole SIMS instruments provide excellent depth resolution of Ͻ10 nm ͑Refs. 6, 27, and 28͒ due to the low impact energies ͑Ͻ2 keV͒ possible. 25 This high depth resolution comes at the cost of requiring low primary ion currents to minimize charging of the insulating polymer films, which can create long analysis times with somewhat poor signal/noise ͑S/N͒ ratios. 15, 18 Furthermore, the quadrupole mass analyzer ͑mass resolution m / ⌬m typically about 300͒ cannot separate molecular hydrogen 1 H 2 from 2 H ͑re-quired mass resolution of m / ⌬m ϳ 1250͒, 25 and as such, negative secondary ions must be detected when depth profiling deuterium-labeled polymers ͑negative 1 H 2 is essentially nonexistent͒. 15 TOF SIMS is a powerful technique for probing the surface composition of materials 29 and it can be used for depth profiling of various organic and inorganic films, 30 including polymer films and multilayers. [31] [32] [33] [34] The mass resolution and mass range of these instruments are unmatched, making it particularly valuable for depth profiling of relatively high molecular weight ͑ϳ100 Da͒ secondary ions. 33 Because of its lateral resolution of ϳ1 m it can also be used for twoand three-dimensional imaging while providing detailed chemical information of the atomic and molecular species present. 16, 35 Although its use for depth profiling of deuterium-labeled polymers has been limited, 36 the application of TOF SIMS for depth profiling of polymer films is currently an area of active investigation. [31] [32] [33] [34] 25 However, charge buildup can be problematic for the analysis of insulators ͑e.g., polymers͒ with magnetic sector SIMS. 24, 38 These types of materials often require a conductive coating and/or other charge neutralization techniques, such as the addition of an electron flood gun, to help reduce charge buildup. 39 Recent magnetic sector SIMS instruments can operate at impact energies reduced to Ͻ1 keV, although initial investigations have shown significant charging during the analysis of polymer films at these low energies. Depth resolutions Ϸ5-15 nm have been reported for depth profiling of deuterium-labeled polymers in polymer films using a magnetic sector spectrometer at the higher impact energies of ϳ5 keV. 4, 23, 40 SIMS can be used to quantify an interfacial excess, 4, 6 surface excess, 15 and diffusion gradient 41 of a tracer polymer within a polymer film. At strongly segregated polymer/ polymer ͑heterogeneous͒ interfaces, the SIMS analysis can become difficult due to problems associated with changing matrix ion yields and varying sputtering rates for the two immiscible polymers. These problems exist due to complex molecular interactions during sputtering that are strongly dependent on the primary ion species and chemical environment. 42, 43 By systematically investigating depth profiles through these polymer/polymer interfaces, one can better understand the parameters required to obtain accurate SIMS analysis of polymer films and multilayers.
Several model polymer bilayer systems have been characterized in order to delineate the utility of a magnetic sector SIMS instrument for the soft matter depth analysis. The polymer systems included atactic polystyrene ͑PS͒ and syndiotactic poly͑methyl methacrylate͒ ͑PMMA͒, PS and atactic poly͑2-vinylpyridine͒ ͑P2VP͒, and atactic poly͑cyclohexyl methacrylate͒ ͑PCHMA͒ and PMMA. In all three cases, atactic deuterium-labeled polystyrene ͑dPS͒ was embedded in PS or PCHMA at concentrations ranging from 5% to 20% ͑v / v͒ as the tracer polymer. Using a CAMECA IMS-6f magnetic sector spectrometer, SIMS depth profiles have been obtained using Cs + and O 2 + primary ion bombardment. Analysis conditions were varied to optimize S/N ratios and sensitivity, while preserving a high depth resolution of ϳ10 nm. Matrix 12 C ion yields ͑Y M ͒, which are the detected intensities ͑counts/ s͒ of atomic 12 C, were measured for all the three systems, with particular attention paid to the heterogeneous interface. Sputtering rates ͑S R ͒ for the PS and PMMA films have been quantified for both Cs + and O 2 + bombardments and referenced to S R for intrinsic ͑100͒ silicon under identical conditions. Deuterium depth profiles are shown for PCHMA/ PMMA bilayers along with a comparison of the depth resolving capabilities for O 2 + and Cs + bombardment.
II. EXPERIMENT

A. Material and sample preparation
The polymers used in this investigation were purchased from Polymer Source and Scientific Polymer Products. The PS, PMMA, and dPS were low polydispersity polymers ͑M w / M n Ͻ 1.1͒ with molecular weights Ϸ70-100 kDa, while PCHMA ͑M w Ϸ 70 kDa͒ and P2VP ͑M w Ϸ 100 kDa͒ had higher polydispersities ͑M w / M n Ͼ 1.5͒. Silicon ͑100͒ wafers ͑Wafer World͒ were cleaned using the previously outlined procedures. 41 They were cut into 2 ϫ 2 cm 2 squares and soaked in a hydrogen peroxide/sulfuric acid solution at approximately 100°C for 30 min and subsequently washed with de-ionized ͑DI͒ water. They were then soaked in 10% ͑v / v͒ hydrofluoric acid for 1 min and again washed with DI water. Some of the wafers were placed in an UVozone environment to produce a thin ͑Ϸ2 nm͒ native oxide layer ͑SiO x ͒, while others were used with the hydrogen passivation treatment ͑SiH͒.
All polymer solutions were allowed to fully dissolve for approximately 12 h and were subsequently filtered with 0.45 m pore polytetrafluoroethylene ͑PTFE͒ syringe filters prior to spin casting. For bilayer film preparation, PMMA ͑T g Ϸ 125°C͒ or P2VP ͑T g Ϸ 100°C͒ was spun cast onto the substrate using toluene or chlorobenzene, respectively, and annealed at 150°C for approximately 30 min to remove residual solvent, allow the polymer chains to attain equilibrium conformations ͑relax͒, and reduce the surface roughness. The second layer, PS ͑T g Ϸ 100°C͒ or PCHMA ͑T g Ϸ 100°C͒, was cast from a selective solvent directly onto the first layer. It has been found that 1-chloropentane serves as a selective solvent for spin casting of PS or PCHMA directly onto PMMA or P2VP, thereby providing sharp, uniform interfaces and smooth surfaces. 4 This is extremely important for measuring high-resolution depth profiles. Before the SIMS analysis was performed, a 50 nm PS sacrificial layer was added to the sample surface to ensure that primary beam concentration uniformity was reached before the start of the second layer. This was done by casting PS onto SiO x , scoring the film with a sharp tip, and floating it onto water. The floating film was then picked up with the bilayer. A 20 nm Au coating was sputtered onto the sacrificial layer to minimize charge buildup. The analyzed film assembly is shown in Fig. 2 . For the sputtering rate ͑S R ͒ measurements, Ϸ100 kDa PS and PMMA single layer films were cast onto SiH from toluene with a nominal thickness of 150 nm as determined by ellipsometery. The PMMA films were annealed for approximately 30 min at 150°C, which is a sufficient time for the chain relaxation to occur, 44 and both annealed ͑150°C͒ and as-cast PS films were analyzed for comparison. No sacrificial layer or Au coating was used with these samples.
B. Secondary ion mass spectrometry
Depth profiles were measured using a CAMECA IMS-6f magnetic sector secondary ion mass spectrometer. Typical analysis conditions for O 2 + primary ion bombardment included a 25 nA primary current rastered over a 180 ϫ 180 m 2 area at a 41°angle of incidence from normal, with 5. 
III. RESULTS AND DISCUSSION
Most of the physically relevant information obtainable from a depth profile of a polymer film structure is gathered at or near the surface or a heterogeneous interface. These are the most important regions that require a detailed understanding of conditions for the optimal SIMS analysis. The chemical structures of the polymers used in the presented investigation are shown in Fig. 3 . Both Cs + and O 2 + were used to evaluate Y M for the three types of bilayers, as shown in Fig. 4 . For the profiles determined using Cs + , a nonmonotonic change in ion yield is observed through the heterogeneous interface for PS/PMMA and PCHMA/PMMA ͓Figs. 4͑a͒ and 4͑b͔͒. The decrease in Y M from PS to PMMA away from the interface ͓see Fig. 4͑a͔͒ can be attributed partly to the decrease in number density of carbon atoms. The anomalous, nonmonotonic yield through the PS/PMMA interface, however, has been found to be nearly independent of primary ion current, as shown in Fig. 5 , which implies that it cannot be explained with sample charging. This same type of behavior was also observed through the PS/PMMA interface for the ion yields of other detected species, as shown in Fig. 6 . This nonmonotonic change in ion yield was not observed with the Cs + analysis of the PS/P2VP films ͓see Fig. 4͑c͔͒ . This is most likely due to the secondary ion enhancement resulting from a change in matrix species ͑i.e., going from a 12 C-based matrix to a 28 Si-based matrix͒. 24, 45, 46 The silicon matrix is oxidized more readily than the carbon-based matrix and secondary ion yield for carbon is enhanced as we start to reach the silicon matrix.
A change in sputtering rates from one polymer to the next could have significant consequences for the interpretation of the depth profile near the heterogeneous interface. Hence, S R was determined for PS and PMMA for 10 nA ͑6.0 keV impact energy͒ Cs + and 25 nA ͑5.5 keV impact energy͒ O 2 + primary ion bombardments. Table I lists both the sputtering rates and the rates relative to intrinsic
There is a marked increase in the sputtering rate from PS to PMMA for both Cs + and O 2 + bombardments, with a twofold to threefold increase in S R for PMMA relative to PS. As-cast PS was also analyzed to compare the effects of the sample history on the sputtering rates. Previous O 2 + SIMS analyses 4 have shown that the sputtering rate is much greater ͑nearly double͒ for PS as cast from 1-chloropentane when compared to identical samples of annealed PS. Here, S R for the PS as cast from toluene is nominally identical to annealed PS, in stark contrast to the increase observed after casting from 1-chloropentane. It has also been found that both types of as-cast samples are far more susceptible to charging with both Cs + and O 2 + bombardments than annealed PS. This means that the factors affecting the SIMS analysis, including sputtering rate, secondary ion yield, and sample charging, are strongly dependent on the sample preparation and history as well as chemical composition of the polymer constituents. These effects would be most significant for investigations involving as-cast films or measurements after relatively short annealing times ͑less than the terminal relaxation time͒. 44 The ability of magnetic sector SIMS to readily and quickly provide quantitative information from deuterium depth profiles is demonstrated with the PCHMA/PMMA system, where dPS is embedded in the PCHMA. From the phase behavior of the three polymer pairs, 47, 48 it is known that PS and PCHMA are completely miscible with each other, yet PS and PCHMA are completely immiscible with PMMA under the conditions implemented here. Taking advantage of these asymmetries in the thermodynamic interactions between dPS/PMMA and PCHMA/PMMA, dPS has been driven to the interface by annealing bilayer films at 150°C for 42 h. Using SIMS, the interfacial excess of dPS at the PCHMA/ PMMA interface was determined for initial dPS concentrations of 5%, 10%, and 20% ͑v / v͒ in PCHMA, as shown in Fig. 7 . Data acquisition times for these profiles were ϳ20 min.
The measured dPS profiles were fit to a Gaussian error function for the equilibrium dPS in the PCHMA layer and a Gaussian peak for the segregated dPS at the interface. 4 The interfacial excess was determined from the expression
where p is the height and ⌬ is the full width at half maximum of the Gaussian peak. The full width at half maximum of the error function is used as a measure of the instrumental resolution, which is approximately 8-10 nm for this system under these analysis conditions. Using Eq. ͑1͒, Z * / R, where R is the rms end-to-end distance 49 of a dPS chain ͑R Ϸ 18 nm͒, 50 was determined to be 0.053, 0.055, and 0.068 for initial concentrations of dPS of 5%, 10%, and 20%, respectively.
The low excess of dPS at the interface ͑Z * / R Ӷ 1͒ is a result of the highly favorable interaction between dPS and PCHMA ͑exothermic energy of mixing͒, which creates a strong driving force to keep dPS within the PCHMA layer. 51 Effects due to changes in depth resolution are shown in Fig.  8 . The use of 6.0 keV impact energy Cs + primary ions provides improved depth resolution ͑Ϸ8-10 nm͒ when compared with bombardment using 5.5 keV impact energy O 2 + primary ions ͑Ϸ13-15 nm͒ for the PCHMA/PMMA system. The analysis of the depth profiles in Fig. 8 results in nearly SIMS profiles for bilayers of dPS in PCHMA on PMMA with ͑a͒ 5%, ͑b͒ 10%, and ͑c͒ 20% ͑v / v͒ initial concentrations of dPS. After depletion of dPS due to segregation to the interface during the 42 h anneal at 150°C, the bulk concentration away from the interface was reduced to ͑a͒ 4.3%, ͑b͒ 9.2%, and ͑c͒ 19.2%. The interfacial excess ͑Z * ͒ was determined from Eq. ͑1͒ after fitting the SIMS profiles to a Gaussian error function ͑dotted line͒ and a Gaussian peak ͑bold line͒, which superimpose to represent the convoluted dPS profile ͑solid line͒. The location of the bilayer surface ͑depth= 0͒ was determined from the inflection point in the Gaussian error function.
identical values for Z * , indicating that the interfacial excess is faithfully convoluted with the instrument resolution but not distorted. Primary ion bombardment with Cs + was also observed to provide improved depth resolution for the PS/ PMMA ͑Ref. 23͒ and PS/P2VP systems when compared to the O 2 + bombardment under the conditions described here. This is due to Cs + having a lower penetration depth, thereby reducing ion-induced mixing and chemical degradation below the surface. 52 A decrease in depth resolution to Ϸ30 nm, which would typically be encountered with the analysis using LE-FRES or TOF-FRES, 14 would smear out the interfacial excess of dPS in the dPS doped PCHMA/PMMA system to make it less noticeable. Quantitative analysis would be significantly more difficult due its dependence on the accuracy of the base line concentration profile and the high S/N ratio required. The PCHMA/PMMA system is a great example of the excellent capabilities of magnetic sector SIMS to provide high depth resolution and high signal-to-noise ratio simultaneously, thereby allowing accurate physical information to be determined from the depth profiles.
IV. CONCLUSIONS
The utility of using magnetic sector SIMS for analyzing three different polymer/polymer bilayer systems ͑PS/PMMA, PCHMA/PMMA, and PS/P2VP͒ has been demonstrated. Excellent throughput, mass resolution, and S/N ratio could be achieved at high depth resolution of ϳ10 nm with a CAM-ECA IMS-6f. The sputtering rates for PS and PMMA using 25 nA, 5.5 keV O 2 + and 10 nA, 6.0 keV Cs + beams have been measured. The sputtering rates increased significantly ͑two to three times͒ from PS to PMMA with the Cs + and O 2 + bombardments, and the Cs + bombardment resulted in a nonmonotonic change in matrix ion yield through the interface, which was shown to be nearly independent of primary ion current ͑see Fig. 5͒ . This nonmonotonic change was also observed at the PCHMA/PMMA interface, but was not witnessed with the PS/P2VP system or in any of the systems when characterized with the O 2 + bombardment ͑see Fig. 4͒ . The use of the O 2 + bombardment with the analysis of positive secondary ions showed constant matrix 12 C secondary ion yields through the PS/PMMA and PCHMA/PMMA interfaces. These ideal conditions could not be replicated with quadrupole SIMS because these types of instruments are not capable of mass resolving H 2 from 2 H. It has been established that there are profound effects due to sample preparation and history, chemical composition of the samples, and type of primary ion bombardment, which result in changes in the sputtering rates and secondary ion yields. The excellent depth resolution attainable using SIMS was exemplified with deuterium depth profiling of dPS in the PCHMA/PMMA system, where a low interfacial excess of dPS was observed at the interface ͑see Fig. 7͒ . The results for the PCHMA/ PMMA system show that quantitative analysis of this system would be extremely difficult with other depth profiling methods such as FRES, where poorer depth resolution and S/N ratio are encountered.
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